Abstract We describe genetic and clinical characteristics of acute myeloid leukemia (AML) patients according to age from an academic population-based registry. Adult patients with newly diagnosed AML at 63 centers in Germany and Hematol (2017) 96:1993-2003 DOI 10.1007 Austria were followed within the AMLSG BiO registry (NCT01252485 Regarding treatment, obesity and favorable risk were associated with an intensive treatment, whereas adverse risk, higher age, and comorbidity index > 0 were associated with non-intensive treatment or best supportive care. The AMLSG BiO registry provides reliable population-based distributions of genetic, clinical, and treatment characteristics according to age.
Introduction
Acute myeloid leukemia (AML) is the most frequent acute leukemia in adults with an incidence of 3 to 4 per 100,000 persons per year [1, 2] . The median age at diagnosis ranges from 66 to 71 years [1, 3, 4] . Of note, over the last years the incidence has remained stable in younger patients but significantly increased in patients aged over 75 years [3, 5] . AML is a genetically very heterogeneous disorder characterized by the accumulation of somatically acquired genetic changes in hematopoietic progenitor cells that alter normal mechanisms of self-renewal, proliferation, and differentiation [6] . Treatment approaches are influenced by various factors, including patient features such as age, comorbidities, body mass index (BMI), and performance status as well as disease characteristics whereby the genetic profile of the disease is the most important prognostic factor [3, [7] [8] [9] [10] [11] .
Scientific and technical advances accelerate the development and application of molecular genetic testing in subjects with leukemia. Mutations in the genes such as nucleophosmin-1 (NPM1), FMS-related tyrosine kinase 3 (FLT3), and CCAAT/ enhancer-binding protein alpha (CEBPA) in cytogenetically normal AML influence the prognosis of AML patients [12] and have entered clinical routine [11, 13] . Activating FLT3 mutations including internal tandem duplication (ITD) as well as tyrosine kinase domain (TKD) mutations and point mutations in exone 12 of NPM1 are reported as frequent mutations in AML in an average young trial population with reported incidences of 33 and 28%, respectively [8] , whereas mutations in CEBPA are less frequent [12] . In 2010, the European LeukemiaNet (ELN) proposed a standardized reporting system integrating cytogenetic and molecular genetic data which recently has been updated [13] . In addition, the efficacy and availability of FLT3 inhibitors mark the starting point beyond acute promyelocytic leukemia of genotype-directed therapy in AML. Recently, the multi-kinase inhibitor midostaurin has shown efficacy in a randomized phase III trial of patients with activating FLT3 mutations [14] .
The introduction of personalized medicine will pose new challenges with respect to transition into clinical routine and in the evaluation of new treatment approaches in small genetically defined subgroups [8, 15] . Most of our knowledge on leukemia has been derived from center-and cooperative group-based clinical data rather than population-based registries [4, 16, 17] . Due to this increasing heterogeneity, registries are a valuable data source to appraise the presenting clinical characteristics and treatment decision in AML patients [4] . There is evidence from population-based registries that the survival expectations of patients with AML have improved over the past decades [17, 18] , whereby in older AML patients only little or no progress has been made [5, 19, 20] . This difference probably reflects the difference in disease profile and frequency as well as severity of comorbidities in older compared to younger patients [3, 9, 13] . However, our understanding of genetic heterogeneity according to patients' demographic, clinical, and treatment characteristics is still incomplete [17, 18] .
The objectives of our study were to investigate epidemiological, genetic, and clinical characteristics of patients participating in the German-Austrian AML Study Group registry study (AMLSG BiO; ClinicalTrials.gov Identifier: NCT01252485) from 2012 to 2014, to compare them with selected epidemiological cancer registry data and to analyze distributions of genetic, clinical, and treatment characteristics according to age.
Material and methods

Study population
The AMLSG BiO registry study was initiated in 2010, and activation of most sites was completed in 2011. We aimed to analyze epidemiological, genetic, and clinical features between 2012 and 2014, representing a period of 2 years with full recruitment. We intended to register all patients aged 18 years or older with newly diagnosed AML at all centers of the German-Austrian AML Study Group (AMLSG) within the AMLSG BiO registry study. Via a web-based system, participating AMLSG centers registered patients with newly diagnosed AML based on local bone marrow and peripheral blood assessment after written informed consent. In all patients, bone marrow and peripheral blood samples were sent overnight by courier service to the AMLSG reference laboratories for cytogenetic and molecular genetic analyses (University of Ulm, Hannover Medical School). The study was approved by the ethical review boards of all participating centers.
For the current analysis, 3521 AML cases diagnosed between January 1, 2012, and December 31, 2014, were identified in the AMLSG BiO registry study database. Data were collected on sex, age, date of diagnosis, Eastern Cooperative Oncology Group (ECOG) performance status [21] , and comorbidities according to the Hematopoietic Cell TransplantationSpecific Comorbidity Index (HCT-CI) [22] . AML cases were classified according to the 2008 World Health Organization (WHO) proposal [23] and risk-stratified according to the 2010 ELN classification [11] . In 3213 (91%) patients, information on treatment strategy was available including intensive chemotherapy, non-intensive treatment (azacitidine, decitabine, low-dose cytarabine), and best supportive care (BSC).
Cytogenetics and molecular genetics
Chromosome banding analysis (within 14 days) and molecular screening (within 48 h) were performed in the two AMLSG central laboratories in Hannover and Ulm. Karyotypes were described according to the International System for Human Cytogenetic Nomenclature [24] . Leukemia samples were analyzed for mutations in FLT3 (ITDs, and tyrosine kinase domain [TKD] mutations at codons D835/I836), NPM1, and CEBPA (both monoallelic and biallelic) as previously described [12, 25, 26] .
The molecular profile of the disease in conjunction with a recommendation of potential trial participation was documented in a web-based system, and results were communicated immediately via facsimile to the participating centers.
Statistical methods
Age-standardized incidence rates (ASR) of AML for Germany (N = 3251) were calculated using German population data in the years 2012-2014 [27] . Based on the geographic distribution of the contributing centers (Supplemental Fig. 1 ) with no or only few centers in MecklenburgPommerania, Brandenburg, Thuringia, Saxony, and Bavaria, the data from these regions were excluded from the denominator of the population data.
For the AML diagnosis (ICD-9: 205.0 or ICD-10 C92.0), the incidence rates by sex and 5-year age classes were provided by the following cancer registries: Saarland (2006-2010), Bavaria (2010-2012), and North Rhine-Westphalia (2010-2013). Based on the data, mean annual incidence rates were calculated. In addition, data on AML from the Surveillance, Epidemiology, and End Results (SEER) program in the USA was used [28] .
Multinomial logistic regression was calculated to estimate odds ratios (OR) and the 95% confidence intervals (95% CI) for treatment strategy (reference: intensive chemotherapy). The covariates age class, sex, ECOG performance status, ELN risk category, HCT comorbidity index, and BMI (< 20, 20-24, > 25 kg/m 2 ) were entered simultaneously as independent variables into the final model to determine their effects on treatment decision.
Results
Between 2012 and 2014, 3521 patients with newly diagnosed AML (45% women) were registered. The baseline characteristics of the AMLSG BiO study population are described in Table 1 . Overall, the median age was 65 years (Q1, Q3; 54, 74, range 18-94); men were slightly older than women (median age 66 vs. 64 years). Independent of gender, most AML cases were observed in the age group 70 years and older (N = 1396, 39.7%). The age-specific incidence rates for AML in Germany are shown in Fig. 1a (for men), b (for women). The comparison of the age-specific AML incidence rates with data from German epidemiological cancer registries in Bavaria, North Rhine-Westphalia, and Saarland as well as the US SEER cancer database revealed good coverage of AML patients in the AMLSG BiO registry in younger and middle age classes, while older patients were less frequently registered. In both men and women, the incidence rates increased with age.
In the AMLSG BiO registry, most registered cases were defined as de novo AML (82.1%), followed by secondary AML evolving after a myelodysplastic syndrome (13.6%) and therapy-related AML (4.3%). Mutated NPM1 was present in 914 patients (26%), followed by FLT3-ITD in 666 (18.9%) and FLT3-TKD mutations in 219 (6.2%) cases. In women, FLT3-ITD and mutated NPM1 were more prevalent than in men (both p values < 0.0001). According to the 2010 ELN classification, patients were diagnosed with favorable (N = 534, 20.2%), intermediate risk-1 (N = 819, 31%), intermediate risk-2 (N = 735, 27.8%), and adverse risk (N = 558, 21.1%). Categorization of cases according to the 2008 WHO classification revealed AML with recurrent genetic abnormalities as the largest subgroup (41.2%) including the two provisional entities AML with mutated NPM1 (25.3%) and AML with mutated CEBPA (4.2%), followed by AML not otherwise specified (30.5%), AML with MDS-related changes (24.5%), and therapy-related AML (3.8%) (Fig. 2) .
Absolute and relative prevalence according to age groups as well as according to the 2010 ELN risk groups, HCT Fig. 3 a-d . The figures show absolute numbers on the Y-axis and percentages in relation to the total number per age group in the bars. Overall, most patients were in the age group ≥ 70 years. The distribution of ELN risk groups changed significantly (p value < 0.001) with increasing age. In younger patients, the favorable risk group was either the most frequent (age < 45 years) or the second most frequent group (age 45-59 years), whereas in older patients (age 60-69 years, age > 70 years) the favorable risk group was the smallest subgroup. However, the absolute number of patients in the favorable risk group ranged between 65 and 192 patients and was comparable in all age groups (Fig. 3a) . Thus, the relative prevalence of favorable-risk AML decreased whereas the absolute prevalence remained stable with increasing age. In contrast, the absolute and relative numbers of patients in the adverse risk group consistently increased with increasing age. Overall, most patients (39%) presented with no comorbidity burden (HCT-CI 0) with nearly stable absolute numbers across the different age groups, whereas the absolute and relative prevalence of patients with limited (HCT-CI 1-2) and extensive (HCT-CI ≥ 3) HCT comorbidity index increased with increasing age (Fig. 3b) . A similar relationship was present for the ECOG performance status with a nearly stable absolute prevalence but decreasing relative frequency of fully active (ECOG 0) patients, whereas patients with slightly to moderately diminished performance status (ECOG 1/2) represented the largest group in older age groups (age 60-69 years, age ≥ 70 years) (Fig. 3c) . Based on the performance status (ECOG ≤ 2), most of our patients were eligible for intensive chemotherapy even in the age group ≥ 70 years.
We were also interested in the distribution of patients with activating FLT3-ITD and FLT3-TKD mutations due to potentially available targeted therapy [14] . Although the relative numbers decreased significantly with increasing age, the absolute number of patients with activating FLT3 mutations increased with age (< 45 years, n = 135; 45-59 years, n = 245; 60-69 years, n = 203; ≥ 70 years, n = 271; Fig. 3d ). Based on reported very good response rates achieved in NPM1-mutated AML with intensive induction therapy [9] [10] [11] [12] , we performed an additional analysis according to NPM1 mutational status and age. The percentages (absolute numbers) of patients with NPM1 mutations according to the four age groups in ascending order were 24% (n = 100), 34% (n = 281), 27% (n = 238), and 21% (n = 295) indicating that even in age group ≥ 70 years a substantial number of patients could potentially benefit from intensive induction chemotherapy (suppl. Figure 3) .
Most of the patients with information on treatment (N = 3213) received intensive chemotherapy (71.1%, Table 1 ). However, starting with the age of 65 years, a substantial and increasing proportion of patients received either non-intensive therapy or best supportive care (BSC) (Fig. 4) reaching a proportion of more than 50% in patients > 75 years.
In multivariate models (Table 2) , age > 70 years was the strongest predictor to receive non-intensive treatment (OR, 9.91; 95% CI, 7.08-13.86; reference, intensive chemotherapy) or BSC (OR, 4.78; 95% CI, 3.17-7.22; reference, intensive chemotherapy), whereas younger age (< 60 years) was inversely associated with intensive chemotherapy. Other predictors for non-intensive treatment or BSC were ELN adverse-risk disease, comorbidity with an HCT-CI index ≥ 3, and impaired performance status (ECOG 2-4). With increasing comorbidity index, the association with nonintensive treatment (HCT-CI 1-2 vs. 0: OR, 1.30; 95% CI, 0.96-1.77; HCT-CI ≥ 3 vs. 0: OR, 1.65; 95% CI, 1.20-2.65) and BSC (HCT-CI 1-2 vs. 0: OR, 1.66; 95% CI, 1.10-2.57; HCT-CI ≥ 3 vs. 0: OR, 2.61; 95% CI, 1.68-4.07, respectively) became stronger. Of note, after adjustment for the other covariates, ELN favorable risk was only rarely associated with BSC as treatment 
Discussion
Based on the absolute numbers of 1307 patients included in 2014, the academic population-based AMLSG BiO registry study roughly represents one third of expected cases per year with newly diagnosed AML in Germany and Austria with an assumed incidence rate of 4 of 100,000 inhabitants. However, compared to other population-based cancer registries, the agespecific incidence rate of the AMLSG BiO registry is lower for persons of older age. Compared to the data of other cancer registries, about 20% of men aged over 70 years and women aged over 75 years with AML were registered in the AMLSG BiO registry suggesting that older AML patients were underreported. Possible explanations are that older patients were less frequently referred to specialized leukemia-treating hospitals and that in older AML patients genetic information was considered less relevant for the treatment decision. However, median age of 65 years at diagnosis in our AMLSG BiO registry was consistent with data reported from the Netherlands with a comparable population [17] . Thus, data from our AMLSG BiO registry shows an excellent and good population representation up to the age of 70 years and with an age between 70 and 80 years, respectively.
In our population-based approach, the distribution of selected genetic markers such as activating FLT3 mutations and mutated NPM1 differed in a clinically relevant manner from that recently reported in a large group of patients, all of them treated in interventional clinical trials with a median age below 60 years [8] ; interestingly, the occurrence of NPM1 mutations was very similar whereas the number of activating FLT3 mutations was lower by a factor of 1.32. This clearly reflects patient selection towards younger and fitter patients when treated in clinical trials. As illustrated in Fig. 3d with a nearly stable absolute prevalence of patients exhibiting activating FLT3 mutations in all age groups, the relative prevalence significantly decreased from 33, 29, 24, to [29] . However, with regard to the public health perspective and the planning of future clinical trials with FLT3 inhibitors, our results provide a good data basis in terms of expected absolute and relative numbers in the different age groups showing that the absolute number of older patients with activating FLT3 mutations (≥ 60 years) still exceeds that observed in younger patients (< 60 years).
In the AMLSG BiO registry, most patients with AML are older with a high proportion of patients with adverse genetics (Fig. 3a) , presence of comorbidities (Fig. 3b) , and impaired performance status (Fig. 3c) . However, up to the age of 75 years, most patients receive intensive chemotherapy (Fig. 4) , while beyond this age more patients are treated with hypomethylating agents, low-dose cytarabine, or best supportive care. Consistent with the literature, in our study, impaired performance status and increased comorbidity index were more frequent in older age [30] . There has been a discussion about the cofactors influencing the treatment decision such as performance status and the burden of comorbidities [3] as well as the genetic profile of the disease [9] . Due to all these factors, the treatment of AML in older patients remains quite challenging [30] , since intensive chemotherapy is toxic and less well tolerated by the older AML patients. Recent developments of targeted treatment for AML patients with activating FLT3 mutation have drawn the attention to this subgroup, which comprises about one quarter of our registry patients. Although the relative number of activating FLT3 mutation decreases with increasing age, still a substantial proportion of patients above the age of 60 years may benefit from specific FLT3 inhibitors [31] . Thus, the differences of the genetic and clinical profiles between older and younger AML patients have to be taken into account when treatment strategies are developed [32] . A substantial proportion of older AML patients exhibit a NPM1 mutation, which predicts for high response rates to intensive induction therapy even in the older patients with complete remission (CR) rates as high as 80% [33, 34] . This genetic marker information may therefore be used to guide treatment strategy in older patients.
After adjusting for disease and performance (ECOG, HCT-CI) parameters, we found overweight to be associated with the intensive treatment approach rather than non-intensive treatment and BSC. This suggests that obese patients are considered to tolerate intensive chemotherapy better compared to normal or underweight patients. This observation is paralleled by the finding that obese older AML patients have a better survival [35] . Whether the higher treatment intensity or other factors are responsible for superior survival of obese older patients remains elusive.
In conclusion, our study characterizes the academic population-based AMLSG BiO registry, which has excellent and good population coverage up to the age of 70 years and between 70 and 80 years, respectively. Our study indicates that the distribution of the genetic profile differs in a clinically fashion relevant by age. Taking into account relative and absolute numbers by age group, our study provides valid data for public health evaluations and the planning of interventional studies in genetically defined subgroups. 
